Glyphosate is an important non-selective herbicide that is in common use worldwide. However, evolved glyphosate-resistant (GR) weeds significantly affect crop yields. Unfortunately, the mechanisms underlying resistance in GR weeds, such as goosegrass (Eleusine indica (L.) Gaertn.), an annual weed found worldwide, have not been fully elucidated. In this study, transcriptome analysis was conducted to further assess the potential mechanisms of glyphosate resistance in goosegrass. The RNA sequencing libraries generated 24 597 462 clean reads. De novo assembly analysis produced 48 852 UniGenes with an average length of 847 bp. All UniGenes were annotated using seven databases. Sixteen candidate differentially expressed genes selected by digital gene expression analysis were validated by quantitative real-time PCR (qRT-PCR). Among these UniGenes, the EPSPS and PFK genes were constitutively up-regulated in resistant (R) individuals and showed a higher copy number than that in susceptible (S) individuals. The expressions of four UniGenes relevant to photosynthesis were inhibited by glyphosate in S individuals, and this toxic response was confirmed by gas exchange analysis. Two UniGenes annotated as glutathione transferase (GST) were constitutively up-regulated in R individuals, and were induced by glyphosate both in R and S. In addition, the GST activities in R individuals were higher than in S. Our research confirmed that two UniGenes (PFK, EPSPS) were strongly associated with target resistance, and two GST-annotated UniGenes may play a role in metabolic glyphosate resistance in goosegrass.
INTRODUCTION
Glyphosate has become one of the most important herbicides in the world, especially after the introduction of glyphosate-resistant (GR) transgenic crops (Duke and Powles, 2008) . However, 35 weed species worldwide have evolved resistance to glyphosate since its commercial application (Heap, 2016) . Goosegrass (Eleusine indica (L.) Gaertn.) is one of the world's most destructive annual weed species; it has potent fertility and may produce more than 40 000 seeds per plant (Holm et al., 1977) . To date, GR goosegrass has been found in five countries (Chen et al., 2015a; Jalaludin et al., 2015; Kaundun et al., 2008; Lee and Ngim, 2000; . Mueller et al., 2011; Vargas et al., 2013; Yang et al., 2012) .
Various mechanisms of glyphosate resistance have been discovered in weeds. These mechanisms can be categorized as follows. (i) Target-site mutations, single or double amino acid substitutions at the target site, 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) (EC 2.5.1.19), which causes reduced enzyme sensitivity to glyphosate (Sammons and Gaines, 2014; Chen et al., 2015b; Yu et al., 2015) . Amplification of the EPSPS gene resulted in increased gene transcripts and EPSPS over-expression (Gaines et al., 2010; Wiersma et al., 2014; Salas et al., 2015) . (ii) Non-target resistance mechanisms include reduction in translocation or uptake or enhancement of vacuolar sequestration or metabolism (Powles and Preston, 2006; Preston and Wakelin, 2008; Shaner, 2009; Powles and Yu, 2010; de Carvalho et al., 2012) . In GR goosegrass, target-site mutation is the major mechanism, both single and double mutations were found in EPSPS . Moreover, gene amplification was also reported GR goosegrass in China (Chen et al., 2015b) .
It is necessary to examine other coexisting resistance mechanisms after identifying target-site resistance, as any and all gene traits that can promote resistance to a herbicide will be selected . Since 2010, the resistance mechanism mediated by extensive amplification of the EPSPS gene has been identified in more than five weed species (Salas et al., 2012; Lorentz et al., 2014; Nandula et al., 2014; Wiersma et al., 2014) . Yanniccari et al. (2015) found that the glyphosate resistance in Lolium perenne L. caused by EPSPS gene amplification is associated with a fitness penalty. A fitness cost may be observed in this type of GR weed due to the metabolic cost of enzyme overproduction and disruption of other genes after insertion of the EPSPS gene. However, several reports found no fitness cost in GR Amaranthus palmeri in which GR was caused by EPSPS gene amplification (Vila-Aiub et al., 2014; Giacomini et al., 2015) . A mechanism with no fitness cost in GR weeds is important for transgenic technology. The best way to elucidate these mechanisms is to study them at the molecular level.
Next-generation sequencing (NGS) technologies have developed rapidly for analysis of the genomes and transcriptomes in both model and non-model plants (Metzker, 2010) . This inexpensive and accurate technology can now be applied widely to weeds. The first NGS technology GS-FLX 454 was used successfully for de novo genome and transcriptome sequencing, resequencing and other research (Emrich et al., 2007; Korbel et al., 2007; Droege and Hill, 2008) . Illumina HiSeq is another deep-sequencing platform that can yield over 100 million high-quality short reads (Lister et al., 2009) . NGS technologies in weeds have been used to investigate the mechanism of herbicide resistance (Yang et al., 2013; An et al., 2014) . And it is efficient to explore the metabolic resistance mechanisms using NGS technologies Gaines et al., 2014) . We explored the GR mechanisms in resistant and susceptible populations of E. indica using RNA sequencing (RNASeq) technology. The aim of our research was to (i) identify and validate differential expression of specific genes between resistant (R) and susceptible (S) individuals; and (ii) find and validate those genes related to the resistance and/or potential related fitness costs.
RESULTS

Sequencing, assembly and functional annotation
To obtain comprehensive transcripts for goosegrass, a pooled cDNA library of eight mixed samples of RNA from goosegrass seedlings was analyzed on an Illumina HiSeq 2500 platform. The library generated 25.42 million raw reads (Table 1) . The assembled raw reads (>96.19%) had Phred-like quality scores at the Q20 level (an error probability of 0.03%). We obtained 48 852 UniGenes which ranged from 201 to 15 793 bp and with an N50 of 1525 bp (see Figure S1 in the Supporting Information). The Gene Ontology (GO) database assigned 21 957 UniGenes into 47 functional categories. The largest proportion was represented by Cellular Component (GO 0005575, 18.49%) (Figure S2 ). In total, 9685 UniGenes were categorized into 26 Clusters of Orthologous Groups of Proteins (KOG) classifications ( Figure S3 ). The 6809 assembled sequences were mapped to the reference canonical pathway in the Kyoto Encyclopedia of Genes and Genomes (KEGG). The pathway most strongly represented by the mapped UniGenes was 'Ribosome' (KO 03010, 263 UniGenes) ( Figure S4 ). The UniGenes were also assigned putative annotations using the NCBI non-redundant protein sequences (NR), NCBI nucleotide sequences (NT), SwissProt (a manually annotated and reviewed protein sequence database) and Pfam databases (Table S3 ).
Identification and annotation of differentially expressed genes
The platform produced 62.10 million clean reads, ranging from 6.32 to 8.75 million reads per sample (Table S1 ). Transcript levels were calculated using fragments per kilobase per million reads (FPKM). Differential expression between resistant goosegrass seedlings sprayed glyphosate (RT) and susceptible goosegrass seedlings sprayed glyphosate (ST) (FPKM > 5.0 in at least one treatment group, fold change ≥2.0, P ≤ 0.05) was found for 2330 genes, in which 1508 genes were up-regulated in RT and 822 genes were up-regulated in ST. When comparing the R control with the S control, 82 genes were up-regulated in resistant goosegrass seedlings without glyphosate (SR_CK), and 50 genes were up-regulated in susceptible goosegrass seedlings without glyphosate (TS_CK). Comparing RT with SR_CK, 306 genes were up-regulated in RT, while 443 genes were down-regulated. Meanwhile, between the ST and TS_CK samples, 383 genes were up- regulated in ST compared with 593 genes that were downregulated ( Table 2 ). All the differentially expressed genes were annotated by the databases described above.
Candidate gene selection and relative expression certification
Based on knowledge of the mechanisms of glyphosate resistance (Sammons and Gaines, 2014) , the differentially expressed genes related to carbon metabolism, herbicide metabolism and signaling were selected as candidate genes. Between the RT and ST groups, 20 genes were annotated to the photosynthetic pathway, four genes were annotated to the carbon metabolic pathways and seven genes were annotated to the metabolism and signalingrelated pathways. Compared with the control, the expression of the selected photosynthesis-related genes was significantly decreased in the ST samples, while most genes were slightly increased in the RT sample. The expression of two carbon metabolic genes in SR_CK was higher than in the control TS_CK. In addition, five selected metabolism and signaling genes in RT were more highly expressed than in the control SR_CK. To confirm the RNASeq results, all nine genes related to carbon metabolism, six genes associated with photosynthesis and all the metabolism and signaling genes were selected for confirmation by the quantitative real-time PCR (qRT-PCR) method (Bustin et al., 2009) , and 16 of the 20 selected genes were validated (Table 3) .
Investigation of the PFK and EPSPS genes
The expression of the EPSPS and phosphofructokinase (PFK) genes was constitutively up-regulated in R individuals and was confirmed by qRT-PCR. EPSPS is the target site of glyphosate, and PFK is an important enzyme in the Embden-Meyerhof-Parnas (EMP) pathway. The resistance mechanism of EPSPS amplification had been confirmed by our previous research (Chen et al., 2015b) . However, no reports have linked PFK to glyphosate resistance to date. Thus, we investigated the expression of PFK and EPSPS. The expression of PFK and EPSPS in R individuals was significantly higher than that in S individuals (Figure 1 ). In the R population, PFK gene expression was 7.1-19.9 times higher than in the S population. Similar results were obtained for the EPSPS gene (5.7-12.9 times higher in R than S). Relative to actin, the genomic PFK copy number in S individuals ranged from 2.7 to 4.8, while the relative genomic PFK copy number ranged from 19.7 to 38.3 in R individuals. For EPSPS, the genomic copy number in the S population ranged from 2.8 to 4.3. In contrast, the EPSPS copy number ranged from 27.3 to 35.1 in the R population. There was a strong correlation between the relative genomic copy number and transcript abundance in PFK (R 2 = 0.784) and EPSPS (R 2 = 0.791) (Figure 1 ).
Gas exchange measurements
Compared with the ST group, 20 photosynthesis-related genes showed significantly higher expression in RT plants (Table S2 ). However, the fold changes of these genes between the SR_CK and TS_CK groups were similar. The results of RNA-Seq and qRT-PCR indicated that the expressions of these genes were significantly affected by glyphosate in S plants. However, expression was normal in the R plants, while some showed slight increases after glyphosate treatment. The annotation of these genes indicated that they belonged to photosynthetic electron transport, the light-harvesting chlorophyll protein complex, and photosystem II. To confirm whether the expression changes in these genes affected photosynthesis, the net photosynthesis rate (A), transpiration (E) and the electron transport rate (ETR) were estimated at 0, 24, 48 and 72 h after glyphosate treatment. A was similar in the R and S populations and ranged from 21.2 to 24.3 lmol m À2 sec
À1
without glyphosate treatment (Figure 2 ). However, after glyphosate treatment, it was significantly decreased from 24 to 72 h in the S plants, but it was similar between the control and treated R plants. E and ETR in the R and S plants were similar. The results of the gas exchange parameters were consistent with the results of RNA-Seq.
GST activities
The expressions of two GST-annotated UniGenes (comp22713_c0, comp23422_c0) were up-regulated in the R plants without glyphosate treatment. However, they were . Effect of glyphosate on the gas exchange parameters of goosegrass in the R and S populations after glyphosate treatment. A, net photosynthesis rate; E, transpiration; ETR, electron transport rate. significantly increased in both R and S populations after glyphosate treatment, especially in the S individuals. To confirm this phenomenon, GST activities in the R and S plants were measured. In the control R plants, the GST activity was 1.6 nmol min À1 mg À1 , which was 1.6 times higher than that in the S plants, and this result was consistent with the qRT-PCR results (Figure 3 ). The GST activities were increased in both the R and S plants after glyphosate treatment and reached a peak at 48 h. The high GST activities in the R and S plants were consistent with the qRT-PCR results. In addition, the GST activities in the R plants were higher than those in the S plants.
DISCUSSION
Next-generation sequencing technology is useful for research on herbicide resistance, especially for the study of non-target resistance mechanisms, although the genomes of most weed species have not been fully sequenced Duhoux et al., 2015) . The genome sequence and the number of reads are both important for the RNA-Seq analysis. In our research, 24 597 462 clean reads were generated, and there were 48 852 assembled UniGenes with an average size of 847 bp. In comparison, similar projects performed for the other weed species resulted in 22 035 It seems that differential expression of genes in the R and S control treatments was more important than those found after glyphosate treatment. However, some reports also showed that high gene expression induced by glyphosate was an important tolerance mechanism (Chaing and Chen, 2002) . To identify more genes involved in glyphosate resistance in goosegrass, all the differentially expressed genes were analyzed between the R and S groups, included the treatment and control conditions. After glyphosate treatment, 2330 genes showed significant changes in expression, with 1508 genes up-regulated in RT and 822 genes up-regulated in ST. However, 132 genes showed differential expression in the R and S control treatments. Based on the knowledge of herbicide mechanisms, the differentially expressed genes related to carbon metabolism, herbicide metabolism and signaling were selected as candidate genes.
5-enolpyruvylshikimate-3-phosphate synthase is the target of glyphosate; indeed, it has been demonstrated that the mutation or amplification of EPSPS may confer resistance to glyphosate in weeds (Gaines et al., 2010; Yu et al., 2015) . In this study, the expression of the EPSPS gene in SR_CK plants was significantly higher than in TS_CK plants, and this result was similar to our previous research (Chen et al., 2015b) . In addition to EPSPS, the PFK gene also had high expression in SR_CK. It was reported that EPSPS expression was positively correlated with the genomic relative copy number of EPSPS (Gaines et al., 2010) . Similarly, this phenomenon was also found in our study in the PFK gene. PFK is an important enzyme in the EMP, which includes three non-reversible reactions (Turner and Turner, 1980) . In our study, the expression of the hexokinase (HK) gene in R, which is another important enzyme in the EMP pathway, was also slightly higher than that in S. Phosphoenolpyruvate (PEP), glyceraldehyde 3-phosphate (G3P) and pyruvate are intermediate products of the EMP pathway that are related to the shikimate pathway. Erythrose 4-phosphate (E4P) can be synthesized by the Calvin cycle, which converts G3P and fructose 6-phosphate (F6P) in photosynthetic tissues. In addition, PEP can be derived from phosphorylation of pyruvate and is catalyzed by plastidic pyruvate orthophosphate dikinase (PPDK) (Flugge et al., 2011) . Together with E4P, PEP is fed into the shikimate pathway, which produces essential aromatic amino acids and a large number of secondary plant products. The PFK, HK and PPDK expression levels in our report indicated that the concentration of PEP and G3P in R plants was higher than in S plants. Along with the first step of the shikimate pathway, PEP is also a substrate for EPSPS, which is the target of the herbicide glyphosate. Additionally, glyphosate inhibits EPSPS through competition with PEP by occupying the binding site of the second substrate of EPSPS and forming an intermediate state of the ternary enzymeÁsubstrate complex (Steinr€ ucken and Amrhein, 1980; Sch€ onbrunn et al., 2001) . Altogether, the high expression of the PFK gene may lead to an increase the concentration of PEP and G3P in the R plants and may contribute to glyphosate resistance, or the amplification of the PFK gene may accompany that of EPSPS to relieve the effect of high concentrations of EPSPS. However, more work is required to confirm this speculation.
Glyphosate can affect the biosynthesis of amino acids, carotenoids, fatty acids or chlorophylls, which indirectly alters photosynthesis. A number of studies have shown a decreased rate of photosynthesis in plants after exposure to glyphosate (Geiger et al., 1986; Yanniccari et al., 2012; Zobiole et al., 2012) . The gene expression analysis in this study showed that glyphosate can affect the gene expression of both photosystem I (PS I) and photosystem II (PS II), especially the genes involved in the light-harvesting chlorophyll protein complex and photosynthetic electron transport. The fold change of some genes was À7.2 in the ST group. To confirm the results of the RNA-Seq analysis, six genes involved in photosynthesis were selected to perform qRT-PCR confirmation, and four of them were validated. The gas change measurements also demonstrated that glyphosate can affect A and ETR in the ST group. Glyphosate can limit the electron transport capacity and affect the abundance of proteins associated with PS II, which is similar to our results (Vivancos et al., 2011) . For the R plants, the expression of two photosynthetic genes was also affected by glyphosate (Table 3 ). This may be the cellular response to the toxic challenge of glyphosate.
The GSTs are xenobiotic-detoxifying enzymes which can reduce oxidative injury caused by biotic stress such as infection and environmental stresses. In addition, the GSTs can counteract abiotic stress imposed by herbicide through catalyzing conjugation and detoxification (Roxas et al., 1997; Cummins et al., 2011) . In weeds, the GSTs and other herbicide-detoxifying enzymes, such as cytochrome P450 mixed-function oxidases (CytP450), family 1 UDP-glucosedependent glycosyltransferases (UGTs) and ABC transporters, are associated with metabolic resistance (Yuan et al., 2007) . The biochemical role of CytP450 in GR weed species has been investigated in Lolium rigidum (Busi et al., 2011) . The roles of the GSTs and UGTs were also investigated in black-grass (Alopecurus myosuroides) (Cummins et al., 1999 (Cummins et al., , 2013 Brazier et al., 2002) . High expression of the Phi class of GSTs confers on black-grass the ability to detoxify herbicides (Cummins et al., 2013) . And the high expression of GST-annotated genes in the diclofop resistance of L. rigidum has been related to metabolic resistance . In our research, high expression of two GST-annotated genes was induced by glyphosate in the S population. This is probably a toxic challenge to the glyphosate. Much research has established enhanced expression of GST and glutathione peroxidase (GPOX) associated with the reduced accumulation of hydroperoxides generated by herbicides such as paraquat and chlorotoluron (Cummins et al., 1999; Hu et al., 2009) . However, less research has been done on catalysis for glyphosate in plants. Thus, more work should be performed to confirm whether these two genes are related to glyphosate resistance in goosegrass, although the GST activities in R individuals were higher than those in S individuals, both with and without glyphosate treatment.
EXPERIMENTAL PROCEDURES
Plant material
The confirmed resistant (R) and susceptible (S) goosegrass populations were cultured and treated using the method in our previous research, with only one plant being kept for each pot (Chen et al., 2015a) . Forty-eight hours after spraying, the aboveground parts were taken from six individuals (three R individuals, three S individuals), and two control individuals (one for R and one for S) were also collected. All eight samples were immediately frozen in liquid nitrogen and stored at À80°C for RNA extraction.
Library construction, sequencing and bioinformatics analysis
Total RNA extraction and quality control were performed using the normal method (Li et al., 2015) . Library construction of the mRNA pool was conducted by the method described by An et al. (2014) . The 125-bp paired-end reads were determined using an Illumina HiSeq ™ 2500 (Illumina, http://www.illumina.com/) platform. Raw reads of the cDNA libraries were filtered to remove adaptor sequences, low-quality reads containing poly-N and unknown nucleotides larger than 5%. After transcriptome assembly, each UniGene (comp*_c*_) was annotated using seven databases (Ana et al., 2005; Grabherr et al., 2011) (Table S3 ). The Blastall software was used to predict and classify the KOG and KEGG pathway-associated UniGenes (Tatusov et al., 2001; Clark et al., 2007) .
Analysis of differentially expressed genes
The samples were the same as described above, three biological replicates of R and S with glyphosate-treated samples, named RT and ST, respectively. Another two samples were controls for R and S named SR_CK and TS_CK, respectively. The cDNA library construction, quality assessment and sequencing for the eight samples were the same as described above. The expression abundance of each assembled transcript was measured using FPKM (Audic and Claverie, 1997; Li and Dewey, 2011) . The expressions of each read between sample pairs (RT versus ST, RT versus SR_CK, ST versus TS_CK and SR_CK versus TS_CK) were calculated (Benjamini and Yekutieli, 2001) . Among the samples, a minimum two-fold difference in log 2 expression was considered an expression difference.
Candidate resistance gene selection and certification of relative expression
To verify the reliability of the expression, 20 candidate resistance genes were selected and quantified using real-time PCR. The internal reference gene actin was selected based on our previous study (Chen et al., 2015b) . The R and S plant samples were cultured and treated as described above. Samples of untreated R, untreated S, glyphosate-treated R and glyphosate-treated S were selected and qRT-PCR analysis was performed using the method described in our previous study (Chen et al., 2015b) . then stored at À80°C. qRT-PCR was used to measure the genomic copy numbers of EPSPS and PFK relative to actin by the method described in our previous study (Chen et al., 2015b) .
Gas exchange measurements
A Walz GFS-3000 portable photosynthesis system (Heinz Walz GmbH, http://www.walz.com/) was used to estimate net carbon assimilation (A) and transpiration (E) at 0, 24, 48 and 72 h after glyphosate treatment. One fully expanded leaf per individual was measured using the leaf area adapter 3010-1 9 4. The air temperature was kept constant (25°C) in the leaf chamber of the GFS-3000, and the CO 2 concentrations ranged from 470.7 to 485.7 lmol mol
À1
. Air flow was maintained at 750 lmol sec
. The chlorophyll fluorescence parameter of the apparent electron transport rate through PS II (ETR) was measured by a Junior-PAM under ambient temperature, vapor pressure deficit (VPD) and photosynthetic photon flux density (PPFD). The parameter was calculated as described by Maxwell and Johnson (2000) .
Extraction and assay of GST activities
The R and S plant materials were cultured as described above. The plants were treated with glyphosate at a dose of 840 g a.e. ha À1 (a.e., acid equivalent) when they reached the fiveleaf stage. The plant tissues of the shoots were collected at 0, 24, 48 and 72 h after glyphosate treatment. All tissues were immediately frozen in liquid nitrogen and stored at À80°C. The GST extraction and activity assays were performed using the methods described by Edwards and Owen (1986) .
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